A detailed model for the structure and dynamics of the interior of the lipid bilayer in the liquid crystal phase is presented. The model includes two classes of motion: (i) the internal dynamics of the chains, determined from Brownian dynamics simulations with a continuous version of the Marcelja mean-field potential, and (ii) noncollective reorientation (axial rotation and wobble) of the entire molecule, introduced by a cone model. The basic unit of the model is a single lipid chain with field parameters adjusted to fit the 2H order parameters and the frequency-dependent 13C NMR T1 relaxation times of dipalmitoyl phosphatidylchollne bilayers. The chain configurations obtained from the trajectory are used to construct a representation of the bilayer. The resulting lipid assembly is consistent with NMR, neutron diffraction, surface area, and density data. It indicates that a high degree of chain disorder and entanglement exists in biological membranes.
ordered, with the hydrocarbon tails of the lipids primarily in the extended all-trans state (1, 2) . At higher temperature, the bilayer enters the partially ordered liquid crystal (L,,) phase observed for biologically active membranes (1, 2) . On going from Lp3 to La, the volume and fluidity of the bilayer increase, the thickness decreases, and the individual lipid undergoes a wide range of motions including: gauche-trans isomerizations, axial rotation, collective and noncollective tilting, out-of-plane deformations, and lateral diffusion (3) (4) (5) (6) (7) (8) . The precise time scales, amplitudes, and degree of coupling of these motions remain uncertain both experimentally and theoretically. As a result, our knowledge of the underlying chain distribution is limited, and our understanding of the manner in which the bilayer adjusts to the presence of proteins and other membrane components (9) or to the high local curvature characteristic of membrane fusion (10) is incomplete.
Much of the recent theoretical work on lipid structure has been based on either simplified approaches, such as the lattice (11) and mean-field (12) (13) (14) approximations, or on computationally intensive molecular dynamics (15, 16) and Monte Carlo (17) simulation methods. In lattice theories, the configurations for a system composed of a set of chain molecules, each consisting of connected segments, are generated on a lattice of specified symmetry. However, for large systems such as lipid bilayers, computer limitations require either a relatively coarse lattice or a short chain length. Consequently, the chains are idealized, and it is difficult to use the results of these calculations to interpret details of the real chain distributions. Very detailed descriptions of the bilayer come from molecular dynamics simulations with all-atom potentials (15) . Unfortunately, many significant lipid motions are slow relative to the molecular dynamics subnanosecond time scale. The trans-gauche isomerization rate of the chain dihedrals is between 109 and 1010 s-1 (18) , the rotational diffusion constants of the lipids are on the order of 108-101o s-1 (3, 7, 8, 19) , translational diffusion constants are =10-8 cm2/s (4) , and collective motions are in the regimes of 103-1 s-' (7) .
Mean-field theories, which are employed in this paper, provide a useful compromise between realism and simplicity that permits meaningful simulations on the required (multinanosecond) time scale. Only a single molecule or chain is treated explicitly in terms of a realistic all-atom description, and the interactions with the remainder of the system (e.g., the surrounding lipid and solvent) are parametrized by use of a potential of mean force and appropriate random forces. This makes it possible to sample the large number of configurations that are needed to accurately represent the equilibrium state of the bilayer interior. Clearly, certain details of the interactions of the chain with its neighbors are lost, and collective motions cannot be treated explicitly by this method. Hence, the approximation might be expected to be poor for dense systems with highly specific interactions, such as proteins (20) . The lipid bilayer interior, however, is of comparatively low density (2) with nonspecific interactions (much like neat hexadecane), so the use of a mean field is appropriate. Moreover, since the collective motions are on a much longer time scale than the others (see above), a separation of time scales is possible.
In our previous work (18, 19) , Brownian dynamics simulations of an individual chain were carried out, using a continuous potential based on the Marcelja model (12) with field parameters adjusted to reproduce the experimental 2H order parameters found in a La phase dipalmitoyl phosphatidylcholine (DPPC) bilayer. Equilibrium and dynamical averages were accurately evaluated from trajectories of >200 ns. However, with correlation functions calculated from the simulation, we found that it was impossible to obtain agreement with the experimental distribution (6) of NMR '3C T1 (spin lattice) relaxation times in DPPC single-bilayer vesicles. Furthermore, because of the high degree of averaging resulting from the internal motions, a model with added slow axial rotation provided a poor fit to the available data. This led (19) to the interpretation that lipid motions contain at least two distinct components that contribute to NMR relaxation in the megahertz regime: (i) internal reorientation of the chains (i.e., gauche-trans isomerizations), which were described by the simulation, and (ii) noncollective overall reorientation of the long molecular axis, or wobble (3, 21), which had not been included in the simulation. The 13C T1 relaxation times for this model were then evaluated under the assumption that internal and overall motions are uncoupled and by using the However, dynamics simulations at higher fields were not carried out in that study, as our primary conclusions regarded the dynamical behavior of the chains that were insensitive to the precise value of the mean field. This paper presents a single-chain simulation at a field that is consistent with the estimated degree of chain wobble and describes the assembly of a bilayer consisting of 168 explicit chains (84 lipids).
THEORY AND METHODS
The 2H Order Parameter. In the development of models for lipid bilayers, a critical source of both structural and dynamic information is the 2H order parameter, SCD (22, 23) . Because lipid motion in the Lr phase is also known to be axially averaged about the bilayer normal (22, 24) , SCD for a 2H-labeled methylene group can be written SCD = 2 (3 cos26 -1), where 6 is the angle between the CD vector and the bilayer normal, and the brackets represent the average over all orientations motionally averaged within the time scale given by the inverse of the 2H quadrupolar coupling constant [_10-5 for an aliphatic C-2H bond (22, 23) ]. Hence, the methylene groups have order parameters of -0.5 when the chain is fully extended (all-trans) and aligned along the bilayer normal (6 = 900); SCD = 0 when the methylene group shows no preferential orientation with respect to the normal. The experimental values of SCD are in the range of -0.1 to -0.2 for La phase lipid chains (22, 24) , indicating partial ordering and rapid (on the 2H NMR time scale) mixing of the orientations.t
To interpret the observed order parameter further, it is necessary to realize that deviations from the limiting value of -0.5 may arise from three effects. The first involves internal chain dynamics; that is, transitions between gauche and trans dihedral angles and librations within each conformational state. The second comes from restricted rotational motion of the long axis of the lipid chain, statistically uncorrelated with the other molecules in the bilayer; in a simple description this corresponds to "wobbling in a cone" (3, 21) . The third reflects collective modes of the entire bilayer (5-7) that correspond to correlated motions of large groups of molecules. If these three classes of motions are uncoupled (and averaged), SCD may be written as the product SCD = SI X SW x Sc, where SI, Sw, and Sc denote the order parameters associated with internal, wobbling, and collective degrees of tThe order parameters described here are determined from the splitting in axially symmetric and motionally narrowed 2H NMR powder patterns. A hypothetical lipid bilayer where all motions were significantly slower than 105 s-1 would yield unnarrowed spectral line shapes with a characteristic splitting of 128 kHz irrespective of configuration of the chains (22) (23) (24) . Because of axial averaging in the La and Lo phase and the geometry of the methylene group, the splitting associated with the all-trans chain is 64 kHz or ISCDI = 0.5. freedom, respectively (3). Measurement of SCD does not determine the values of the individual components.
The extent of collective motions in bilayers has been an area of controversy. Brown et al. (6) proposed from the inverse square root Larmor frequency dependence of the NMR T1 relaxation that collective motions are the dominant "slow" motion in the megahertz range (and hence are an important component of SCD). Marqusee et al. (25) , however, argued that the expected frequency dependence in a smectic liquid crystal, and consequently a lipid bilayer, should be proportional to the inverse (rather than the inverse square root) of the Larmor frequency. Rommel et al. (7) developed a model oflipid bilayer dynamics from an analysis of rotatingframe NMR experiments. By using the theory of Marqusee et al. (25) to interpret the low-frequency dispersion, they concluded that collective motions dominate the NMR T1 relaxation in the kilohertz-to-hertz regimes, but that their effect on megahertz relaxation is small. This result implies that Sc is close to unity; i.e., collective motions do not significantly influence the 2H powder pattern because their frequencies are too low. It is in accord with the present model in that noncollective motions account for the T1 relaxation in the megahertz ranges.
The Marcelja Model with Chain Tilt. The mean-field approximation (26-28) was first applied to lipid bilayers by Marcelja (12) . In the Marcelja model, Ei, the energy for the chain in a discrete configuration, i, is written as the sum ofthe internal energy (E t) of the isolated lipid chain, and two terms that parametrize the contributions of the remainder of the bilayer; that is, E' = Ei t + r/z4 -(F (nf/ln) Si, where z, is the distance from the surface to the terminal carbon on the chain; ntr is the number of trans dihedral angles; n is the total number of dihedral angles in the chain; and Si is a generalization of the Maier-Saupe order parameter (26) for flexible chains. In our approach, (F and F are adjustable parameters that are used to model both steric and attractive interactions between the hydrocarbon chains, as well as the interactions of the chain with the bilayer surface.
The three trajectories discussed here are defined by the Marcelja field parameters used in their generation: high field ((F = 360 cal/mol and r = -9000 cal/A'mol; 1 cal = 4.184 J), low field (( = 180 cal/mol and r = -9000 cal/A mol), and zero field (( = r = 0). The zero-field simulation models a tethered chain in the absence of any external potential, while low-field models the case SI = SCD (18) . However, although the work of Rommel et al. (7) implies that it is reasonable to set Sc = 1, our previous results indicated that Sw is in the range of 0.5-0.7 (19) . Consequently, overall rotation, which is a property of the entire lipid and not just the single chain, must be incorporated into the model.
The simplest approach, which we follow here, is simulate a single chain with SI parametrized to underestimate SCD by 1/Sw. The temperature was set to 324 K (10 K above the gel-to-liquid-crystal phase transition for DPPC), and 64 segments, each of 491,520 steps, were carried out in the manner already described for zero and low field (14, 18) ; the high-field parameters given above are consistent with Sw = 0.59 (and We follow the convention that the z axis is normal to the plane of the bilayer, the carbonyl carbon is placed at z = 0, and z decreases on going toward the center ofthe bilayer. The glycerol carbon, glycerol oxygen, and the carbonyl carbon of the chain are anchored on the xz plane, with the remaining 15 Biophysics: Pastor et 1991) carbons of the palmitic acid free to move. The methylene group adjacent to the carbonyl carbon is denoted C2, and the terminal methyl group is C16.
Energy minimizations on the multichain assembly were carried out using the Adopted Basis Newton Raphson method in CHARMM (Chemistry at HARvard Macromolecular Mechanics) (29) . The hydrocarbon Lennard-Jones parameters are from Jorgensson et al. (30) , and all other hydrocarbon parameters are contained in PARAM 20 (unpublished). Headgroups are represented as extended atoms with LennardJones parameters rin = 4.4 A and e = 0.2 kcal/mol and were harmonically constrained to their positions with a force constant equal to 100 kcal/A2. Headgroup-chain bond and angle parameters (with the equilibrium distance or angle followed by the force constant) are as follows: headgroup-CH2, 5 .0 A, 100 kcal/A2; CH2-headgroup-CH2, 1000, 25 kcal/radian2; headgroup-CH2-CH2, 109.50, 30 kcal/radian2. These parameters were chosen to provide appropriate surface area and intrachain spacing and did not significantly affect results of the minimizations. 
RESULTS
In this section, we describe first the single-chain analyses and then utilize these results to construct a multichain bilayer model.
Single-Chain Simulation Results. Approximately 30,000 transitions occurred during each trajectory. Thus, not every conformational state was sampled: excluding g+g-and g-g+ pairs and chains that extend above the surface, the chain has 436,755 rotational isomeric configurations. Nevertheless, enough sampling was carried out to provide adequate convergence of the internal order parameter. simulations. The distributions were evaluated as projections on both longitudinal (xz and yz) and axial (xy) planes, and contour levels were fixed so that the fraction of the density enclosed by the innermost, bold, and outermost levels equaled 0.393, 0.865, and 0.989, respectively. [These values were chosen in analogy to a bivariate normal distribution with equal standard deviations, a,, and mean 0; if the simulated distributions were well described with such a model, then the contours would form concentric circles about the origin, with radii at multiples of a (31) .] The relatively large excursions of the chain during the trajectory are apparent, with carbons extending >10 A from the z axis, even at high field. For reference, the all-trans configuration lies completely within a cylinder centered along the z axis with radius 0.44 A and length 18.75 A. The contours for the axial distributions are approximately circular, with average radii (in A) equal to 2.0, 5.9, and 10.1 for high field; 2.6, 7.6, and 11.7 for low field; and 4.9, 10.4, and 14.8 for zero field. The average radius of the distribution, (r), is evaluated from the axial densities, p(x, y), as follows: (rW = IX2\ +y2p(x, y). The calculated values of (rW = 3.06, 4.08, and 6.09 and enclose 0.591, 0.568, and 0.536 of the density for the three trajectories (in descending order of field strength). For the bivariate normal distribution described above, (r) = o\7rn and encloses 0.544 of the density. Hence, from the relative values ofcontour levels and (r), the axial distribution for zero field is consistent with an independent bivariate normal distribution with X-5.0 A.
The densities arising in the field simulations are contracted about the origin and spread out in the wings relative to a bivariate normal with equal (r). The longitudinal distributions are not expected to be well approximated by an independent bivariate normal because of their asymmetry and thus do not lend themselves to the preceding simple analysis. Neverthe- less, the contour levels serve to trace out the roughly pear-shaped density and illustrate the broadening of the distributions with decreasing field strength.
Multichain Bilayer Model. By using the single-chain results, we now develop a multichain representation of the DPPC bilayer interior consistent with the single-chain model. For this purpose it is necessary to introduce additional data concerning the bilayer dimensions and density. The notation d(C0 -Cm) is used to denote the projected distance along the bilayer normal for carbons on opposite sides of the bilayer; d(C0 -Cm) is the distance between carbons on the same chain. All experimental data listed below were obtained at 323 K.
The thickness of the interior, d(C1 -C;), can be derived from the results of the present simulation and experimental diffraction studies. Lewis and Engleman (32) (34), with the range for DPPC equal to 68.1-71 A2 (34) . Finally, based on density measurements of bilayers with increasing chain length (35) , the volume per methylene group has been determined to be comparable with liquid alkanes such as hexadecane (2) . The densities of tetradecane, hexadecane, and octadecane are 0.742, 0.753, and 0.762 g/ml, respectively (2) . On the basis of these ranges, the following values were chosen for the assembly: d(C1 -C') = 28.8 A, the surface area for two chains (i.e., one headgroup) was 68.9 A2. The preceding dimensions are consistent with a density of 0.753 g/ml.
Because the present model explicitly considers only the interior of the bilayer, the headgroups are simply represented by spheres placed in a regular hexagonal arrangement with the specified dimensions above. Two chains (randomly chosen from high-field simulation) were first attached to each sphere by the C1 carbons with a Cl-C, spacing of 7.66 A (consistent with the parameters described in the previous section) and with no penalty for overlap. The orientation of the model lipid in the bilayer was determined by (i) choosing a random axis of rotation in the xy plane from a uniform distribution between 0 and 3600 and (ii) rotating the long axis of the lipid with respect to the bilayer normal about the new rotation axis. The value of the second rotation was determined from randomly generated angles consistent with the cone distribution with Sw = 0.59 (0-450) Finally, chainchain and headgroup-chain overlaps were eliminated in a series of energy minimizations in which the van der Waals radii of the methylene and methyl groups were gradually increased from 1% to 100% of their full values. The minimizations did not significantly change the length distributions, average densities, or order parameters (R.M.V. and R.W.P., unpublished observations). Fig. 3 Upper shows one realization of the above operations for a bilayer consisting of 168 chains (i.e., a 6 x 7 array of headgroups on each monolayer); the radii ofthe carbons have been reduced to show the back rows more clearly. A single row of the above bilayer (with hydrogens and full van der Waals radii) is shown in Fig. 3 Lower. Density variations resulting in cavities are clearly visible, and there is some density fallofftoward the bilayer midplane, in agreement with experiment (36) . However, the small radii depicting the methyl groups exaggerate the apparent voids in Fig. 3 Upper; additionally, the large spaces between neighboring lipids seen in Fig. 3 Lower tend to be filled, in part, by chains from the adjacent rows, which are not pictured. 
DISCUSSION
The Marcelja model with chain tilt implies that the interior of the lipid bilayer is a highly disordered state, with a large volume traced out by the individual chains. The multichain assembly (Fig. 3) is a "snapshot" consistent with the singlechain model. Over relatively short times, fluctuations in the internal chain configuration (10-100 ps), axial rotation (=100 ps), and chain wobble (several nanoseconds) would lead to a different set of orientations. On a time scale of microseconds and longer, lateral diffusion would rearrange the lipids, and collective motions would deform the entire bilayer; however, the local configurations are expected to remain qualitatively similar to the ones described here and to maintain the same average properties such as length distributions and order parameters with respect to the bilayer normal. The positional distribution arising from the internal motions for each chain is approximately pear-shaped with an average radius of 3.06 A and a length of 14.7 A (Fig. 2) . However, a significant number of configurations extend beyond these boundaries; a cylinder of radius 5.9 A only encloses 86% of the density.
Hence, the effective potential of the "cylinder" is soft, and neighboring lipids can freely pass through its boundaries. This implies that there is a significant degree of entanglement among chains and local cooperativity in their motions.
The present model can be compared with the oil drop (37, 38) and crankshaft (39) models, two simple structural descriptions proposed to explain the high solubility and rapid diffusion of small nonpolar molecules in membranes. In the oil drop, proposed almost a century ago by Overton (37), the Biophysics: Pastor et al.
Proc. Natl. Acad. Sci. USA 88 (1991) interior of the bilayer is taken to be equivalent to a light oil such as hexadecane. The crankshaft model assumes that all internal chain disorder arises from kinked (gauche+, trans, gauche+) conformations. These two models span the range of unrestrictive to restrictive: for the chain studied here, the 436,000 configurations would be freely sampled in the oildrop model, whereas in the crankshaft model only about 1800 are allowed.
By assuming that the zero-field simulation can be taken to be an approximate realization of the oil-drop model, we see that such an approach leads to qualitative errors for both the order parameter and bilayer thickness. The introduction of the mean field (or some other potential) is required to lower the energy ofthe more extended configurations and thus raise the magnitude of the order parameters and increase the average length of the chain. The order parameters derived from the crankshaft model ofthe bilayer can be made to agree approximately with experiment by introducing chain tilt from either wobble (3) or collective motion (5) . However, although a significant number of kinks are sampled in the simulations, the percentage of chain configurations with only kinks is 8.6, 5.0, and 0.5 in the high-, low-, and zero-field simulations, respectively. The internal dynamics of the chain in the present model is very similar to that of a neat alkane, since the increase in torsional barriers due to the Marcelja meanfield potential is small. Thus, even though the present model captures elements of both the oil-drop and the crankshaft model, it is closer to the former.
In closing, we stress that the present model is based on a single chain in a mean field, with the degree of wobble estimated from T1 measurements on lipid vesicles (6) . It is likely that more detailed treatments such as full molecular dynamics simulations of many chains will reveal some degree of short-range correlation between the chains. Our model may already adequately approximate this effect. Longerrange collective effects, not included in the model, might usefully be studied with simulations that use simplified representations of the lipid chains (40) . Even without these refinements, it is hoped that the results presented here will help provide the basis for more detailed structural and dynamic models of the lipid bilayer and biological membranes.
